ABSTRACT: We assessed the post-blood meal flight distance of four mosquito species in a unique environment using blood meal analysis. Mosquitoes were trapped at the Rio Grande Zoo in Albuquerque, NM, and the blood source of bloodengorged mosquitoes was identified. The distance from the enclosure of the animal serving as a blood source to the trap site was then determined. We found that mosquitoes captured at the zoo flew no more than 170 m with an average distance of 106.7 m after taking a blood meal. This is the first study in which the flight distance of wild mosquitoes has been assessed using blood meal analysis and the first in which zoo animals have served as the exclusive source of blood meals. Journal of Vector Ecology 37 (1): 83-89. 2012.
INTRODUCTION
Flight range has long been recognized as a factor in the importance of a given mosquito species in disease transmission (Reeves 1965 , Rowley et al. 1968 . The ability to disperse, along with its host preferences, biting frequency, and transmission rates are crucial components of vector capacity and the ability to efficiently transmit a particular pathogen (Saegerman et al. 2008) . Traditionally, the primary method used to determine flight range in mosquitoes has been to mark them in some way, release them at a known point, and then try to recapture the marked mosquitoes at trap sites a known distance from the release point. This technique has been attempted repeatedly, but only a small fraction of the released mosquitoes are often recaptured (Russell et al. 1944 , Wolfinsohn and Galun 1953 , Quraishi et al. 1966 , Muir and Kay 1998 , Russell et al. 2005 , Midega et al. 2007 . A flight mill system developed in 1968 and subsequently improved by incorporating computer analysis in 1984 has been used successfully to determine the flight range of flying insects (Rowley et al. 1968 , Clarke III et al. 1984 . This system has been effective in assessing flight range, speed, and duration of flight. It did not, however, mimic the natural environmental conditions to which mosquitoes are normally exposed. In 1984, an alternative method utilizing rubidium-marked eggs was developed (Kimsey and Kimsey 1984) . Its efficacy was first assessed with Aedes aegypti in 1995 where the flight distance post-blood meal was found to be a maximum of 441 m (Reiter et al. 1995) . Most investigations of mosquito flight distance have utilized labreared mosquitoes. While such mosquitoes give us an idea of flight range, they do not, however, necessarily behave as wild-type mosquitoes would.
The importance that zoo animals can play as indicators of recent, emerging infectious disease was highlighted by the emergence of West Nile Virus in 1999. The deaths of a Chilean flamingo and other exotic bird species at the Bronx Zoo were important early indicators that a new pathogen was spreading in North America (Lanciotti et al. 1999) . Upon further testing, West Nile virus, previously only found in Africa and Europe, was identified as the infecting virus (Anderson et al. 1999) . Other vector-borne pathogens have also been recognized as problematic in zoological parks. Avian malaria in particular has been identified in captive birds in zoos around the world, including the United States, New Zealand, Brazil, and Japan (Cranfield et al.1994 , Derraik 2004 , Ejiri et al. 2009 , Bueno et al. 2010 . Penguins, which have no natural resistance to Plasmodium, are at especially elevated risk, and penguin deaths due to avian malaria have been reported from zoos in the United States and Brazil (Cranfield et al. 1994 , Bueno et al. 2010 ). The sources of mosquito blood meals have been identified by a variety of methods (Irby and Apperson 1988 , Gingrich and Williams 2005 , Kay et al. 2007 , Sawabe et al. 2010 , Barrera et al. 2011 . None of these studies, however, incorporated a trapping area that encompassed a zoo containing many exotic species. Here we report on a blood-meal analysis of mosquitoes trapped at the Rio Grande Zoo, in Albuquerque, NM. Many of the blood meal sources have been identified as exotic species that were housed at the zoo. Because we can precisely measure the distance from an animal's enclosure to the site where a particular mosquito was trapped, we have been able to estimate the post-blood meal flight distance for several mosquito species, some of which transmit arboviruses of veterinary or medical significance. The presence of a variety of relatively confined hosts within the zoo, along with many readily available water sources for oviposition, make zoos a unique and interesting setting for the study of mosquitoes. In this study, we report on the post-blood meal flight distance of mosquitoes located in a zoo habitat. Our findings indicate that the Rio Grande Zoo may be acting as a self-sustaining mosquito habitat. Limited dispersal within this habitat has important implications for arbovirus transmission.
MATERIALS AND METHODS

Collections
Mosquitoes were collected between 2006 and 2010 at the Rio Grande Zoo in Albuquerque, NM (Figure 1 ). The Rio Grande Zoo is located in a riparian zone adjacent to the Rio Grande River. As such, there are many standing water pools serving as ideal locations for mosquito oviposition. Furthermore, standing water in the form of water features and drinking containers is ubiquitous throughout the zoo. In 2006, only one trap site was present at the zoo. The number of trap sites was increased to two in 2008 and to four in 2010. Mosquitoes were trapped once a week throughout the mosquito season, May through mid-October, for approximately 24 consecutive weeks. Both a CDC light trap and gravid trap were placed at each trapping site for each trapping occasion. Two control trapping sites were placed in nearby areas where mosquito activity is known to be high: one to the north and one on the adjacent west side of the Rio Grande River, each approximately 3.5 km from the Rio Grande Zoo. CDC light traps were suspended 1.5 m from the ground and baited with approximately 1.5 kg of dry ice, and gravid traps were baited with dechlorinated water infused with horse manure, grass clippings, and bacterial culture (Propump Liquid Live Bacteria High Count, Ecological Laboratories, Freeport, NY, U.S.A.), which was allowed to ferment for two weeks. Traps were set in the afternoon and were collected the following morning. The collected mosquitoes were immediately placed on dry ice until they could be stored in a -80° C freezer. Mosquitoes were identified to species according to dichotomous keys (Carpenter and LaCasse 1955 , Pratt and Barnes 1959 , Darsie and Ward 1981 . Mosquitoes containing blood meals were set aside for blood meal analysis.
Blood meal analysis
Mosquitoes with a visible blood meal were individually placed on a microscope slide. The abdomen and midgut were removed using a razor blade and sterilized forceps under a dissecting microscope. Forceps were sterilized and a new slide and razor blade were used for each mosquito. Genomic DNA was then extracted from the midgut and abdomen using a modified DNAzol BD (Molecular Research Center, Cincinnati, OH, U.S.A.) protocol . The blood meal source was determined by subjecting each genomic DNA sample to two subsequent PCR reactions. Each reaction employed primers specific for either an avian or a mammalian portion of the cytochrome b gene (see Table 1 for primer sequences and cycling conditions). If the first set of reactions did not amplify the target DNA with either avian or mammalian primers, a second set of reactions was attempted. The sample was archived after two failed sets of reactions. Each 50 μl reaction contained 200-400 ng of genomic DNA serving as template, 5 μl of 10x buffer (Roche Applied Science Indianapolis, IN, U.S.A.), . Sterile water (Sigma-Aldrich Irvine, CA, U.S.A.) was added to bring the total reaction volume to 50 μl. All reactions also included a positive control containing either mammalian (Mus musculus) or avian (Zenaida macroura) genomic DNA serving as a template. A negative water control, lacking template, was included with all PCR reactions. A second negative control was also included and consisted of a DNAzol extract, lacking mosquito midgut and abdomen. Amplified PCR products were purified with one of several methods including E-Gel® SizeSelect™ gels (Invitrogen, Carlsbad, CA, U.S.A.), PCR purification kit (Qiagen, Valencia, CA, U.S.A.), minielute column (Millipore, Billerica, MA, U.S.A.), or exo-sap (Affymetrix, Cleveland, OH, U.S.A.). Amplicons were directly sequenced with a Big Dye 3.1 sequencing kit, using the big dye step protocol PCR regime (Platt et al. 2007 ). Samples were then sequenced on an ABI 3130 DNA Sequencer (Applied Biosystems, Foster City, CA, U.S.A.) at the University of New Mexico, Department of Biology Molecular Facility. Sequences were edited using Sequencher version 4.10.1 (Gene Codes, Ann Arbor, MI, U.S.A.) and identified to species through a blast search comparison with the GenBank DNA database (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi).
Measuring flight range
If the source of a blood meal was identified as an exotic species not normally present in New Mexico but found at the Rio Grande Zoo, it was included in our analysis. The distance from the center of the animal's enclosure to the mosquito trap site was determined to the nearest meter using GPS. Flight distances of the different species were compared for significance using a t-test. Mosquitoes that took blood meals from native species that may or may not have been within the zoo were excluded from analysis.
RESULTS
A total of 4,917 mosquitoes, representing 12 different species, was recovered from the four zoo trap sites (Table 2) . Of these mosquitoes, 70.8% were trapped with CDC light traps, while 29.2% were recovered from in gravid traps.
A total of 106 mosquito blood meal sources were identified from the zoo (Table 3) . Of these, 44 (41.5%) were unambiguously from animals in exhibits. Only these mosquitoes were utilized in the flight distance analysis. Other identified blood meal sources were non-exotic birds, coyotes, small mammals, or domestic animals such as dogs, which are common in the area immediately surrounding the zoo. Of the 44 mosquitoes included in our study, 27 (61.4%) were Aedes vexans, ten (22.7%) were Culex quinquefasciatus, five (11.4%) were Cx. tarsalis, and two (4.5%) were Culiseta inornata (see Table 3 ). The average post-blood meal flight distance was 109.2 m for Ae. vexans (Figure 2) Hylobates syndactylus Siamang gibbon (1) 37
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DISCUSSION
We have estimated the post-blood meal flight distance for four mosquito species, utilizing blood meal analysis of mosquitoes trapped in a zoological park, where mosquito flight distance from blood meal source to trap site could be easily determined. The majority of the mosquitoes collected were caught in CDC light traps (Table 2) . However, for one important species in our study, Cx. quinquefasciatus, gravid traps were found to be the more effective trap type. This highlights the need to use more than one trap type to more accurately describe a particular area's mosquito fauna.
The mosquito species that we assessed flew an average of less than 107 m following a blood meal. Because mosquitoes vary their flight paths (Bidlingmayer 1975, Bidlingmayer and Hem 1979) it cannot be assumed that the mosquitoes in our study flew directly in a straight line to trap sites. Thus, our data represents flight dispersal distance as opposed to an actual linear measurement of flight. Furthermore, once trapped, mosquitoes are obviously unable to fly further. Because untrapped mosquitoes might ordinarily alight repeatedly, we may be underestimating the actual distance traversed by a blood-fed mosquito.
Several other factors that limit the precision of our data must be addressed. Our measurements of flight distance were made from the center of an animal enclosure. Obviously, animals may have been anywhere within their enclosure when fed upon. This would, however, alter our results by, at the most, only several meters. We also have no knowledge of how many mosquitoes fed upon zoo animals and likewise how many mosquitoes were not trapped. Finally, we were unable to account for the effects of wind, rainfall, or other phenomena that may affect mosquito flight.
Our results suggest that a blood meal imposes a heavy burden on a mosquito in terms of its dispersal ability. Nonengorged mosquitoes often fly far greater distances. Provost (1957) noted that Aedes taeniorhynchus are capable of flying over 24 miles. Anopheles gambiae and An. atroparvus were found to fly as far as 10 km (Kauffman and Briegel 2004) . Because we lack data on the flight distances of blood-seeking mosquitoes, we are unable to make a direct comparison between engorged and non-engorged mosquitoes in our study.
Our results, however, are similar to those in other studies in which post-blood meal flight distance was assessed. Laboratory-reared Ae. aegypti were found to fly an average of 181 m following a blood meal, utilizing rubidiummarked eggs (Reiter et al. 1995) . Russell et al. (2005) , using a mark-release-recapture-technique, estimated that blood fed mosquitoes flew an average distance of 77.8 m. It is difficult, however, to draw meaningful conclusions from this study, as only 3.4% of the released mosquitoes were recaptured.
The short distances traveled by the mosquitoes may reflect to some degree the unique conditions found within the zoo environment. Although blood-fed mosquitoes might disperse further in other situations, it is entirely possible that within the zoo, flight distances are reduced. A large number of easily accessible hosts are available at the zoo in relatively confined enclosures, and various water features, ponds, and drinking water containers provide ample habitat for oviposition in close proximity to the animals. The vast majority of the non-exotic species upon which zoo mosquitoes fed are abundant within the confines of the zoo (see Table 3 ). Even those non-exotics not found within the zoo property, such as horses and cows, are common in the semi-rural habitat immediately adjacent to the zoo. Thus, the zoo may serve as a sort of "closed system, " in which mosquitoes complete their entire life cycle without leaving the zoo premises. If this is the case, it has obvious implications for the control of arbovirus transmission within the confines of the zoo. More specifically, it suggests that focal control within the zoo may be of greater value than previously suspected, even if mosquito populations outside the zoo remain uncontrolled.
Of the 109 blood meals we identified, nine (8.49%) were identified as human. We have no conclusive means to demonstrate that these individuals were at the zoo while fed upon. Yet our results, which indicate that mosquitoes travel less than 107 m following a blood meal, as well as the high concentration of people at the zoo, suggest that the zoo may be a likely place for mosquitoes to feed upon humans. All nine human blood meals were taken by Ae. vexans. have suggested that Ae. vexans may be involved in bridge transmission of West Nile virus to humans, which currently presents a risk in central New Mexico for humans as well as other mammals. This mosquito species may occasionally vector other arboviruses as well such as western equine encephalitis virus, which, while rarely infecting humans in New Mexico, may occasionally present an important health risk (Clark et al. 1986 ).
Additionally, our data suggest that mosquitoes native to the southwest United States feed readily on exotic species. While the tendency of mosquitoes to feed on exotic species has been found before (Lanciotti et al. 1999) , this is the first data set obtained entirely from zoo animals. The species we have investigated, specifically Cx. quinquifasciatus and Cx. tarsalis, are known arbovirus vectors and may play an especially important role in the transmission of West Nile virus to birds and mammals (Sardelis et al. 2001 , Goddard et al. 2002 , 2005 . Our results may therefore be of value to those interested in zoo veterinary medicine. Exotic species in zoos have already proven to be excellent sentinels of newly emerging zoonotic diseases and they may suffer high morbidity and mortality as a result of infection (Lanciotti et al. 1999) . Additionally, the Rio Grande Zoo has suffered significant losses of some species to West Nile virus, most notably Rainbow Lorikeets (Trichoglossus haematodus) in previous years (DiMenna, personal communication) . The importance of vector control for the maintenance of zoo animal health has been previously noted (Derraik 2005) . A better understanding of vector behavior, including post-blood meal flight, might be utilized to enhance known mosquito control methods in zoos, resulting in improved protection of zoo animals and the human population visiting these attractions.
